Experimental results on the effect of energy deposition using an electric arc discharge, upstream of a 60°half angle blunt cone configuration in a hypersonic flow stream is reported. Investigations involving drag measurements and high speed Schlieren flow visualization have been carried out in a hypersonic shock tunnel using air and argon as the test gases; and an unsteady drag reduction of about 50% ͑maximum reduction͒ has been observed in the energy deposition experiments done in argon environment. These studies also show that the effect of discharge on the flow field is more pronounced in argon environment as compared to air, which confirms that thermal effects are mainly responsible for flow alteration with discharge. It has also been observed that the interaction of the hypersonic flow with the discharge filament results in the development of an unsteady flow field. For blunt bodies in hypersonic flight there has always been a historical tradeoff between desirable thermal protection characteristics and the high wave drag associated with shock wave formation. While the structural considerations dictate the body shape, the high wave drag associated with this shape dictates the necessary propulsive capabilities during ascent. Various methods such as retractable aerospikes, counterflowing supersonic jets, and concentrated energy deposition ͑in recent times͒ have been proposed for reducing the hypersonic wave drag around blunt bodies. Alteration of the hypersonic flow field by creating an energy spot in the flow stream has emerged as an attractive technique for reducing the drag of hypersonic vehicles during the ascent stage. This is mainly due of the synergistic interplay between flow kinematics and energetic effects of concentrated energy deposition in the hypersonic flow field.
For blunt bodies in hypersonic flight there has always been a historical tradeoff between desirable thermal protection characteristics and the high wave drag associated with shock wave formation. While the structural considerations dictate the body shape, the high wave drag associated with this shape dictates the necessary propulsive capabilities during ascent. Various methods such as retractable aerospikes, counterflowing supersonic jets, and concentrated energy deposition ͑in recent times͒ have been proposed for reducing the hypersonic wave drag around blunt bodies. Alteration of the hypersonic flow field by creating an energy spot in the flow stream has emerged as an attractive technique for reducing the drag of hypersonic vehicles during the ascent stage. This is mainly due of the synergistic interplay between flow kinematics and energetic effects of concentrated energy deposition in the hypersonic flow field.
Investigations, by and large computational in nature, have revealed many potential uses of energy deposition such as wave drag reduction, inlet flow control of air breathing engines, etc. 1, 2 Experiments involving Schlieren flow visualization and surface pressure measurements have also been carried out by Lashkov et al. 3 for studying the effect of microwave energy deposition in a supersonic flow stream ͑Mach 1.3-2.1͒. Experimental measurements of drag reduction by energy deposition in Mach 2 flow has also been reported by Tretyakov et al. 4 Computational investigations have also suggested that nonequilibrium conditions have an insignificant effect on the conditions across the shock wave, 5 and so the local heat energy transfer to the flow could be considered as being the major factor responsible for the flow field alteration with energy deposition. However, in spite of the considerable amount of computational work being done in this field, until the present time there has been no experimental measurement that conclusively shows that concentrated energy deposition indeed reduces the wave drag around blunt bodies flying at hypersonic Mach number.
In this paper, we present for the first time in the literature, the direct measurement of drag on a large angle blunt cone using a single component accelerometer balance along with high speed flow visualization studies in a hypersonic flow field with energy deposition. The details of the experiments carried out in the IISc hypersonic shock tunnel using both argon and air as test gases are discussed in the subsequent sections. The hypersonic test flow is generated over a generic reentry vehicle configuration with a 60°half angle forebody ͑60 mm diameter͒ in the IISc hypersonic shock tunnel HST-2. The HST-2 consists of a stainless steel shock tube of 50 mm diameter connected to a convergent-divergent conical nozzle of 300 mm exit diameter. The hypersonic flow from the nozzle goes through a 450 mm long test section of 300 mmϫ 300 mm square cross section. An electric arc discharge struck between two electrodes placed in the flow stream powered by a high voltage dc power supply ͑10 kV, 10 A͒ is used as the energy source in these experiments. Keeping in view the mechanism of flow alteration by energy deposition suggested in the literature, it was decided to conduct the experiments using two different test gases namely, argon and air. As argon is a monatomic gas, a larger percentage of the electrical energy deposited would be used in exciting the translational energy mode, thereby producing a more pronounced heating effect as compared to the discharge struck in air. The corresponding free stream conditions under which the experiments are carried out is listed in Table. I, and under these operating conditions, HST-2 generates a steady hypersonic flow for a period of almost 1.1 ms. These flow conditions are highly reproducible within about ±5% accuracy. The blunt cone test model used in the experiments is manufactured out of an electrically insulating material ͑HYLEM͒ with an accelerometer ͑PCB ICP 303 A, 9.37 mV/ g͒ based force balance housed inside for the measurement of drag force. 6 The model weighing 0.25 kg is mounted on this balance with the help of rubber bushings such that it moves as an unrestrained body when exposed to PHYSICS OF FLUIDS 19, 031701 ͑2007͒ the hypersonic flow. In the present study, the entire model and the balance system is treated like a black box and a comprehensive system response function for the same is obtained by applying known impulse loads to the system. This was done with the help of an impulse hammer ͑PCB GK291D01͒ and the experimental acceleration signals are deconvolved with the system response obtained from the calibration, in order to get the drag force history. 7 In addition to drag force measurements, visualization of the blunt body flow field is also done simultaneously using a high speed camera ͑Phantom 7.1, Ms Vision Research, USA͒ arranged in the Schlieren optical setup. The dynamic evolution of the hypersonic flow field is visualized by operating the camera at about 10000 fps with typical 450ϫ 450 pixel individual image resolution. Tungsten rods of 1 mm diameter supported on brass strips and electrically isolated from the tunnel body using HYLEM fixtures are used as the electrodes. Flow visualization studies are carried out to arrive at an optimum electrode arrangement, which has a minimum interference on the blunt body flow field in the Schlieren plane of view. A schematic diagram of the electrode arrangement that shows minimum flow interference is shown in Fig.  1 . In this arrangement, the electrodes are fixed to the bottom corners of the test section, forming an angle of 62°with the flow direction and with their tips at a distance of 70 mm from the model nose, and 4 mm offset from the stagnation streamline. A comparison of the blunt body flow field with and without the presence of electrodes under tunnel operating condition R2 can be seen in Figs. 2͑b͒ and 2͑a͒ , respectively. Even though the Schlieren images show some disturbance in the flow field because of the electrode fixtures, it will be shown later that this has a negligible effect on the drag force acting on the large angle blunt cone model at hypersonic Mach numbers.
The high voltage is applied between the electrodes prior to operating the shock tunnel, and since the test chamber inside which the electrodes are placed is kept evacuated ͑10 −4 mbar͒, the discharge does not strike until the arrival of the test gas. The sequential Schlieren images of the blunt body flow field with energy deposition using argon as the test gas ͑condition R2͒ are shown in Fig. 3 . The time indicated in these images recorded in a single experiment are after the onset of steady hypersonic flow over the test model. The alteration of the blunt body shock structure due to the presence of the discharge with a measured discharge energy amounting about 0.3 kW is clearly depicted in these images.
In order to have an estimate of the electric energy deposited as a fraction of flow energy, a parameter P r can be defined as
where C p = Specific heat at constant pressure ͑kJ/kg K͒, T 0 = Stagnation temperature ͑K͒, ṁ = Mass flow rate through the projected area of the model ͑kg/s͒, and P el = Electrical power ͑kW͒. In the present experiments, with an electrical energy deposition of 0.3 kW, the value of P r = 0.0018 which implies that the electrical power deposited is 0.18% of the flow energy. The Schlieren images clearly show the discharge being swept downstream of the electrodes by the hypersonic flow, and the unsteadiness of this discharge resulting in an unsteady shock structure. Another predominant feature of the flow field is the emergence of the shock structure from the tip of the discharge filament. Also any movement of the discharge filament as a result of its interaction with the hypersonic flow results in a movement of this shock, resulting in changes in the blunt body flow structure. As a result, even though the tip of the electrodes are placed 70 mm ahead of the blunt body nose, the shock formed as a result of energy deposition emanates further downstream, approximately 46 mm ahead of the model nose. The corresponding experimental drag signal, which also reflects this unsteadiness is shown in Fig. 4 along with the signals without energy deposition. It is clear that the average drag force on the blunt cone with energy deposition, during the steady flow duration of the tunnel ͑0.7-1.8 ms͒ amounts to about 123.48 N. It is also seen that the drag force decreases to an average value of about 80 N during the time interval of 0.9-1.1 ms ͑200 s͒. The Schlieren pictures clearly shows that during this period, the entire model remains in the shadow of the shock generated by the energy spot. Afterwards, the drag force starts increasing between 1.1 and 1.8 ms ͑700 s͒, which could be attributed to the forward movement of the reattachment shock as seen in the Schlieren images. Figure 4 also gives a comparison of the drag force acting on the model with and without the presence of the electrode fixtures. It is clear that the electrode fixtures have virtually no effect on the drag force experienced by the large angle blunt cone model. Similar experiments are conducted using air as the test gas and measured drag trace is given in Fig. 5 . For all the experiments mentioned in this paper, the power source was operated at the maximum power rating and so further investigations will have to be carried out to verify whether depositing a higher amount of energy would help in achieving a steady state drag reduction. The effectiveness of drag reduction by energy deposition can be measured using a parameter E eff defined as the ratio of the amount of power gained by drag reduction to the amount spent for reducing the drag as follows:
where D − DЈ = Reduction in drag ͑N͒, and V ϱ = Free stream velocity ͑m/s͒. In the present experiments with argon as a test gas, the average value of drag with energy deposition during the steady test window of the tunnel operation ͑700-1800 s͒ is 123.48 N, and hence E eff = 227.6. Similarly for the experiments with air as a test gas E eff = 110.55, for an average drag of 138.5 N.
Thus, it can be seen that the effect of the discharge on the model drag is less pronounced in the case of air when compared to argon. This is also understandable since major portion of the energy deposited in argon will enhance the translational energy mode. In the case of dry air the input energy is additionally distributed among the vibrational and rotational modes. So these studies indicate that the thermal effects dominate the flow field in the presence of energy deposition. If the discharge filament is to be considered as a 
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Effect of concentrated energy deposition Phys. Fluids 19, 031701 ͑2007͒ pure thermal spot, then the gas entering the thermal spot gets heated and expands radially outward, and as a result acquires a velocity component normal to the free stream velocity. This flow on interacting with the free stream further deflects the oncoming uniform supersonic flow, resulting in the formation of a shock wave. It has also been observed that the interaction of the oncoming flow with the discharge makes the discharge filament unsteady, resulting in an unsteady flow field. However as we move energy deposition spot closer to the body ͑25 mm ahead of the nose͒ virtually no effect is observed in the measured drag values or in the shock structure around the blunt cone. The flow field modification by energy deposition can also be explained in terms of the lensing ͑local deformation͒ of the shock, which is attributed to a local decrease in Mach number due to the localized ͑nonuniform͒ heating by energy deposition. 8 However it must be noted that if the amount of energy deposited in the hypersonic flow is sufficient, then the energy spot itself is capable of generating a conical shock independent of the presence of a body downstream. So, if the body downstream of the energy spot is completely engulfed within the aerodynamic shadow of the conical shock generated by the energy spot; then the shape of the body and the body shock as such may have a negligible effect on the overall shock pattern resulting from energy deposition. However further experiments are necessary to confirm this hypothesis.
In conclusion, the concept of hypersonic blunt body drag reduction has been verified experimentally, and a confirmation of the importance of thermal effects on flow alteration using energy deposition is obtained. An unsteady drag reduction of about 50% is measured for a large angle blunt cone at Mach 9 by depositing the energy at about 1.17 body diameters ahead of the blunt cone in the IISc hypersonic shock tunnel using argon as the test gas.
